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INTRODUCTION 

For  a number o f  years,  l a b o r a t o r y  and p i l o t - s c a l e  s t u  i e s  have been conducted i n  
t h e  area o f  coal  l i q u e f a c t i o n  w i t h  hydro en donor so l ven ts  I' 1-41. The k i n e t i c s  of these 
processes and the  composi t ion o f  t h e  coa? products  have been stud ied;  however, t h e  
mechanism of  hydrogen t r a n s f e r  from donor so l ven t  t o  coa l  i s  s t i l l  n o t  w e l l  understood. 

hydrogenation(5). The work i nvo l ved  t h e  use o f  deuter ium gas as a t r a c e r  t o  f o l l o w  t h e  
i n c o r p o r a t i o n  o f  hydrogen i n t o  coa l  du r ing  l i q u e f a c t i o n .  No donor s o l v e n t  o r  c a t a l y s t  
was added t o  t h e  coal  i n  those experiments. Using an i s o t o p i c  t race r ,  i t  was p o s s i b l e  
t o  f o l l o w  t h e  r e a c t i o n  mechanism more c l o s e l y  and t o  determine the  f a t e  o f  t he  r e a c t -  
ants ,  w i thou t  a l t e r i n g  t h e  course o f  t h e  reac t i on .  Two s i g n i f i c a n t  r e s u l t s  were 
ob ta ined  i n  t h a t  i n v e s t i g a t i o n .  Deuterium i n c o r p o r a t i o n  i n  s o l v e n t - f r a c t i o n a t e d  coal  
products  was found t o  va ry  w i t h  p roduc t  f r a c t i o n  and s t r u c t u r a l  type. 
increased from t h e  most s o l u b l e  o i l  f r a c t i o n  t o  t h e  i n s o l u b l e  res idue.  In each of t he  
t h r e e  so lub le  f r a c t i o n s  as determined by NMR spectrometry, s e l e c t i v e  i n c o r p o r a t i o n  o f  
deuter ium was found i n  t h e  a - a l k y l  f u n c t i o n a l  reg ion.  

A 
deuter ium labe led  donor s o l v e n t  ( t e t r a l  i n - d l z )  was prepared t o  study t h e  chemis t r y  o f  
t h e  so l ven t  du r ing  l i q u e f a c t i o n .  I n  a separate experiment, naphthalene-dg was used t o  
i n v e s t i g a t e  t h e  chemist ry  o f  hydrogen t r a n s f e r  between coa l  and a so l ven t .  
experiment, t h e  coa l  products  and spent so l ven t  were analyzed f o r  t o t a l  deuter ium con- 
t e n t  and f o r  deuterium con ten t  by s t r u c t u r a l  p o s i t i o n .  

Recent ly  we repo r ted  on  a deuter ium t r a c e r  method f o r  t h e  i n v e s t i g a t i o n  of coa l  

Deuterium uptake 

The present  work examines t h e  donor s o l v e n t  process d u r i n g  coa l  l i q u e f a c t i o n .  

I n  each 

EXPERIMENTAL 

M a t e r i a l s  and Apparatus 

Lover idge Mine, P i t t s b u r g h  Seam, was d r i e d  a t  115OC f o r  4 hours be fo re  use i n  each 
experiment. Technical grade deuter ium (>98 atom % deuter ium and t o t a l  hydrocarbons 
<1 ppm) and h i g h - p u r i t y  n i t r o g e n  were u t i l i z e d .  

t o p i c  p u r i t y  o f  t e t r a l  i n - d  2 and napkthalene-dg were determined by NM{ spect rometry .  
Batch experiments were pertormed i n  a 1 - l i t e r  s t i r r e d  au toc lave  (Autoc lave Engineers) 
and a 0 . 2 5 - l i t e r  rock ing  au toc lave  (Par r ) .  

Experimental Procedure 

High v o l a t i l e  A b i tuminous coa l  (81.8% C, 5.1% H, dmmf bas is) ,  -200 mesh, f rom the  

Naphthalene-d was pu rc  ased from the  
A l d r i c h  Chemical Co., and t e t r a l i n - d  2 was prepared i n  t h i s  l a g o r a t o r  (6 ! , The i s o -  

t 

I n  a t y p i c a l  l i q u e f a c t i o n  experiment, t h e  au toc lave  was charged a t  room tern era-  
t u r e  Wi th t e t r a l a n - d l $  coa l  and deuter ium gas. The au toc lave  was heated t o  4OOgC. the  
r e a c t i o n  was con uc te  ' f o r  1 hour, then t h e  au toc lave  was cooled t o  room temperature. 

1 
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Gaseous products were removed f o r  a n a l y s i s  by GC-MS. 
t i l l e d  a t  reduced p ressu re  t o  remove spent donor so l ven t  mix ture,  and t h e  remain ing coal 
products  were s o l v e n t - f r a c t i o n a t e d .  
o u t  under s i m i l a r  c o n d i t i o n s  except t h a t  n i t r o g e n  cover gas was used ins tead  o f  
d e u t e r i  um. 

Product  Analyses 

The spent so l ven t  m i x t u r e  was d i s t i l l e d  from the  coa l  products, separated by gas 
chromatography ( G C )  and analyzed by NMR spect rometry .  The s o l i d  and l i q u i d  coal pro-  
duc ts  were s o l v e n t - f r a c t i o n a t e d  i n t o  o i l  (hexane so lub le,  HS), asphaltene (benzene 
so lub le ,  BS), benzene-methanol s o l u b l e  (BMS) and i n s o l u b l e  res idue  (benzenemethanol 
i n s o l u b l e ,  BMI) f r a c t i o n s .  The 1 i q u e f a c t i o n  products  were s o l v e n t - f r a c t i o n a t e d  us ing  
t h r e e  ACS reagent grade s o l v e n t s :  hexane isomer mixture,  benzene and methanol. Sam- 
p l e s  o f  f r a c t i o n s  were combusted, and t h e  r e s u l t i n g  water was analyzed by mass 
spectrometry (Shrader A n a l y t i c a l  Labs) t o  determine t h e  deuterium and p ro t i um atom % 
d i s t r i b u t i o n .  Elemental a n a l y s i s  o f  product  f r a c t i o n s  was conducted by G a l b r a i t h  
Laborator ies.  

The r e a c t i o n  products  were d i s -  

The naphthalene e x t r a c t i o n  experiment was c a r r i e d  

Proton and deuteron NFlR spec t ra  o f  so lub le  f r a c t i o n s  and spent s o l v e n t  m ix tu res  

The pu lse  
were obta ined us ing a JEOL FX6OQ FT NMR Spectrometer. 
which corresponds t o  14 ps f o r  p r o t o n  and 75  ps f o r  deuteron Nf lR spect ra.  
r e p e t i t i o n  t imes were 6.0 and 9.0 s ,  r e s p e c t i v e l y .  
t o n  NMR solvent, and ch loroform was used as t h e  deuteron NMR so lvent .  

A f l i p  ang le  o f  45O was used 

Chloroform-d was used as the pro- 

RESULTS AND DISCUSSION 

The r e s u l t s  o f  two donor  s o l v e n t  hydrogenat ion experiments and a coa l  e x t r a c t i o n  
experiment a r e  presented i n  t h i s  paper. The experimental cond i t i ons  and product  y i e l d s  
of  t h e  two donor s o l v e n t  l i q u e f a c t i o n  experiments (E10 and E19) a r e  summarized i n  
Tab le  1. 
di f ferences i n  t h e  t ype  o f  au toc lave  and a p p l i e d  pressure.  
de igned t o  i n v e s t i g a t e  hydrogen t r a n s f e r  from a donor s o l v e n t  t o  coal .  The atom 

made w i thou t  t h e  use o f  a donor so lvent(57;  i t  was found t h a t  deuterium i n c o r p o r a t i o n  
increased from the  most s o l u b l e  o i l  f r a c t i o n  t o  t h e  i n s o l u b l e  res idue,  no s i m i l a r  t rend 
was observed i n  these experiments. 

The s o l v e n t - f r a c t i o n a t e d  coa l  products  from E10 and E19 were analyzed by p ro ton  
and deuteron NMR spect rometry .  Table 2 l i s t s  t h e  i n t e g r a t i o n  percentages o f  t he  th ree  
s o l u b l e  f r a c t i o n s  by f u n c t i o n a l  reg ion.  The s e l e c t i v e  i n c o r p o r a t i o n  o f  deuterium by 
func t i ona l  r e g i o n  i s  demonstrated by t a k i n g  the  r a t i o  o f  deuter ium i n c o r p o r a t i o n  over 
p r o t i u m  inc  r p o r a t i o n .  F o r  example, t h e  E10 HS 2H percentage o f  7% l i s t e d  i n  Table 2 

va lue  7% represents  t h e  number o f  d e u t e r i u y  atoms i n  t h a t  f u n c t i o n a l  reg ion  normalized 
t o  a 2H va lue of 100%. The (2H /2H)/(1Hx/ H) r a t i o s  a r e  shown i n  Table 3. A r a t i o  of 
u n i t y  means t h a t  t h e  n o r m a l i z e d x f r a c t i o n  o f  p ro t i um and deuterium conta ined i n  t h a t  
f u n c t i o n a l  reg ion  a r e  equal. Since the  r a t i o  i s  much g r e a t e r  than u n i t y  i n  a l l  o f  t he  
a - a l k y l  regions, i n d i c a t i o n s  a r e  t h a t  i n  l i q u e f a c t i o n  experiments conducted w i t h  a 
donor so lvent ,  as w e l l  a s  i n  l i q u e f a c t i o n  experiments 
o r  c a t a l y s t  as was shown i n  ou r  prev ious presentat ion(59,  s i g n i f i c a n t  s p e c i f i c  i n c o r -  
p o r a t i o n  occurs i n  t h e  a - a l k y l  p o s i t i o n .  

One can u t i l i z e  t h e  i s o t o p i c  composi t ion and deuter ium i n c o r p o r a t i o n  by s t r u c t u r a l  
p o s i t i o n  O f  t h e  spent donor s o l v e n t  t o  develop a mechanis t ic  pathway o f  hydrogen t rans-  
f e r .  A t t e n t i o n  was focused on two major processes which can occur  s imul taneously  i n  
donor so l ven t  1 i q u e f a c t i o n .  Te t ra1 in -d  can donate f o u r  o f  i t s  t r a n s f e r a b l e  deuterium 
atoms t o  coal w i t h  t h e  fo rma t ion  of na Afhalene-dg; t e t r a l i n - d  2 can p a r t l c l p a t e  I n  
i s o t o p i c  exchange o f  i t s  deuter ium w i t !  p ro t i um i n  t h e  coa l .  
examine the  r e a c t i o n  pathways o f  t h e  donor so l ven t  t o  assess the  importance of each 
process. 

These two experiments were conducted under s i m i l a r  cond i t i ons  except f o r  
The experiments were 

% 3 H values a r e  a l s o  shown i n  Tab le  1. W i l e  i n  p rev ious  hydrogenation experiments 

i s  t he  2Hx/ 9 H r a t i o ,  and t h e  E10 HS 1 H  percentage o f  11% i s  t h e  1HXI1H r a t i o .  The 

nducted w i t h o u t  a donor so l ven t  

i t  i s  wor thwh i l e  t o  
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F igu re  1 i s  a summary o f  t h e  most probable chemical r e a c t i o n s  o f  t h e  donor sol-  
T e t r a l i n  can be hydrogenated t o  form vent, t e t r a l i n ,  under l i q u e f a c t i o n  cond i t i ons .  

deca l i ns ,  dehydrogenated t o  form naphthalene, o r  rearranged t o  form methyl indan. 
t h e  compounds shown i n  F igu re  1 except  methy l indan were de tec ted  i n  t h e  spent so l ven t  
from E10. F igu re  2 i s  t he  p ro ton  NMR spectrum o f  t h e  spent so l ven t .  T e t r a l i n ,  naph- 
tha lene,  and d e c a l i n  abso rp t i on  peaks a r e  ev iden t .  

occur w i t h  t h e  format ion o f  so l ven t  r a d i c a l  i n te rmed ia tes  which can accept  o r  donate 
hydrogen atoms; the re fo re ,  i n  F igu re  1 each r e v e r s i b l e  r e a c t i o n  can be d i v i d e d  i n t o  a 
number of stepwise a d d i t i o n s  o r  removals o f  hydrogen r a d i c a l s .  The i n i t i a l  stage o f  
t h e  dehydrogenation o f  t e t r a l i n  t o  naphthalene i s  expanded i n  F i g u r e  3 t o  i nc lude  each 
hydrogen atom t r a n s f e r  pathway. The dihydronaphthalenes a r e  shown as p o s s i b l e  i n t e r -  
mediates i n  t h e  format ion of naphthalene. The pathway o f  donat ion o f  hydrogen by 
t e t r a l i n  r e q u i r e s  t h e  a b s t r a c t i o n  o f  a-  and P-hydrogens by coal  o r  gas phase products, 
and Reactions 1 and 2 i n  F i g u r e  2 show the  main pathways o f  hydrogen a b s t r a c t i o n .  The 
q u a n t i t i e s  of hydrogen i n  t h e  spent so l ven t  can be sub t rac ted  from t h e  hydrogen i n  the  
s t a r t i n g  so l ven t  t o  determine t h e  n e t  donation. 

t i o n  of E10 and E19. These da ta  have been examined t o  fo rmu la te  a mechanism o f  
i s o t o p i c  exchange. 
composi t ion and i n c o r p o r a t i o n  by s t r u c t u r a l  p o s i t i o n  was determined by NMR spect rometry  
w i t h  an i n t e r n a l  q u a n t i t a t i v e  standard. I n  E10, the  e x t e n t  o f  hydrogen dona t ion  t o  the 
coal  can be c a l c u l a t e d  from t h e  fo rma t ion  o f  naphthalene co r rec ted  by t h e  amount o f  
hydrogen used i n  the  fo rma t ion  o f  deca l i ns  (Table 4 ) .  I t  i s  a l s o  shown i n  Table 4 t h a t  
i n  a d d i t i o n  t o  t h e  donor mechanism, considerable i s o t o p i c  exchange occurred between the 
t e t r a l i n - d l 2  and coal ;  17.2 atom % o f  t h e  deuter ium i n  the  s o l v e n t  was exchanged. 
T e t r a l i n  con ta ins  f o u r  hydrogen atoms i n  each of t h r e e  chemica l l y  d i f f e r e n t  p o s i t i o n s :  
aromat ic  (Har), a lpha (Ha) and beta (HP) hydrogens. O f  t h e  17.2 atom % rep laced  by 
protium, 66% o f  t he  p ro t i um r e s i d e d  i n  t h e  Ha, 23% i n  Hp and 11% i n  Ha, p o s i t i o n .  E19 
shows a s i m i l a r  e f fec t .  
t e t r a l i n - d l 2 ,  and t h i s  i n d i c a t e s  t h e  predominant pathway o f  hydrogen exchange i s  
React ion 1. The f a c t  t h a t  t h e  a - r a d i c a l  has g r e a t e r  resonance s t a b i l i z a t i o n  than the  
p - r a d i c a l  a l s o  supports t h e  cho ice  o f  React ion 1 as t h e  predominant pathway. 
be noted t h a t  t h e p - r a d i c a l  can i n t e r c o n v e r t  t o  the  a - r a d i c a l  by a 1.2-hydroqen s h i f t .  

An eva lua t i on  o f  t he  data on t h e  fo rma t ion  o f  naphthalene-d from t e t r a l i n - d 1 2  
(donat ion)  and p ro t i um i n c o r p o r a t i o n  i n t o  t e t r a l i n - d l  
expcriment E10 donat ion took  p lace  t o  approx imate ly  t i e  same e x t e n t  as d i d  exchange. 
According t o  t h e  i nd ioa ted  mechanism (F igu re  3) n o t  o n l y  ;hydrogen dona t ion  b u t  a l s o  
hydrogen exchange via t h e  a - r a d i c a l  of t h e  t e t r a l i n  can have a s i g n i f i c a n t  r o l e  i n  
s t a b i l i z i n g  t h e  p r imary  f r e e  r a d i c a l  s t r u c t u r e s  which fo rm by thermal decomposit ion o f  
t h e  c o a l .  

A l l  o f  

I n  a hydrogen donor reac t i on ,  t h e  l i q u e f a c t i o n  process i s  g e n e r a l l y  assumed t o  

Table 4 summarizes t h e  composi t ion o f  t h e  donor s o l v e n t  be fo re  and a f t e r  comple- 

The d i s t i l l e d  spent so l ven t  was separated by GC, and the i s o t o p i c  

Spec i f i c  p ro t i um i n c o r p o r a t i o n  occurs i n  t h e  Ha p o s i t i o n  o f  

I t  should 

(exchange7 showed t h a t  i n  

Table 1 inc ludes  t h e  da ta  o f  an e x t r a c t i o n  experiment (E21) conducted w i t h  naph- 
thalene-d8 and n i t r o g e n  as cover  gas. 
hydrogen t a k i n g  p lace  du r ing  a so l ven t  e x t r a c t i o n  experiment i n  t h e  absence o f  a donor 
so l ven t .  I n  &he experiment, coal  and naphthalene-d w i t h  a cover  gas of n i t r o g e n  were 
heated a t  380 C f o r  1 hour. The so l ven t  and coa l  ppoducts were analyzed f o r  deuter ium 
l o s s  and inco rpo ra t i on ,  respec t i ve l y .  
spent naphthalene-d8 i s  shown i n  Table 5. The s a r t i n g  naphthalene l o s t  4 atom % 2H, 

t h e  Ha p o s i t i o n  o f  naphthalene exchanged more o f  i t s  deuter ium w i t h  t h e  coa l  than the  
HP p o s i t i o n .  Th is  experiment w i l l  be discussed i n  terms o f  t h e  chemis t r y  o f  hydrogen 
t r a n s f e r  between so l ven t  and coal .  

Th i s  experiment i n v e s t i g a t e d  t h e  t r a n s f e r  o f  

The i s o t o p i c  composi t ion o f  t h e  s t a r t i n g  and 

and t h e  combined coal  products  gained 11 atom % 8 H. I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  

, 
I n  summary, coal  hydrogenation and e x t r a c t i o n  experiments conducted w i t h  deuterated 

I 

1 
t e t r a l i n  an2 naphthalene have been discussed. With t h e  use o f  t he  deuter ium t r a c e r  
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method, deuterlum i n c o r p o r a t i o n  was found i n  s p e c i f i c  s t r u c t u r a l  p o s i t i o n s  o f  t h e  s o l -  
ven t  and s o l u b l e  coa l  products .  The method has p rov ided  i n s i g h t  i n t o  the  mechanism of 
hydrogen t rans fe r .  
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TABLE 1 

SUMMARY OF EXPERIMENTAL CONDITIONS AND PRODUCT YIELDS 

EXPERIMENTAL CONDITIONS 

Parameter E l  0 E l  9 E21 

Cover Gas D2 'j2 

Sol ven t  t e t r a l i n - d 1 2  t e t r a 1  in-dl naphthalene-dg 

Coal Weight (9 )  25 25 25 

So lvent  Weight (9 )  25 25 25 

Reactor Volume (1 i t e r )  0.25 1 .o 1 .o 
S t i r r i n g  Rate 
Rocking Rate 

React ion Time 

Cold Pressure 
N2 ( p s i )  

100 osc/mi n 100 rpm 100 rpm 

1 .o 1 .o 1 .o 

1200 1000 1000 

Operat ing Pressure ( p s i )  3000 2200 2200 

Temperature (OC) 400 400 400 

SOLVENT-FRACTIONATION PRODUCTS 

Weight % Atom % 2H * 

Products E l  0 E l  9 E l  0 E19 E21 

O i l  (HS) 16 17 38 52 11* 

Asphal tene (6s)  32 10 45 43 

Benzene-methanol 
So lub le  (BMS) 8 2 35 38 

Benzene-methanol 
I n s o l u b l e  (BMI) 44 71 37 61 

* 
An average value o f  the  combined coal  products.  
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TABLE 2 

'H AND 'H NMR ANALYSES OF PRODUCT FRACTIONS 

%1H 

HS BS BMS 

11 12 6 

40 23 20 

26 25 26 

23 40 48 

Func t iona l  
Region 

- 
%2H 

HS BS BMS 

7 8  7 

20 14 16 

44 42 41 

29 36 36 

7-A1 kyl 

P-A1 k y l  

CY-A1 k y l  
+ Aromat ic  

I ,  

Func t iona l  
Region 

7-A1 k y l  

P-A1 kyl 

a-Al  k y l  

Aroma t i c '  

* 

E-19 

H 

HS BS BMS 

9 17 8 

31 33 15 

20 16 33 

40 34 44 

%2H 

HS BS* BMS 

5 - 4 

17  15 

40  - 50 

38 - 31 

Sample s i z e  was t o o  small f o r  ana lys i s .  
Aromat ic  r e g i o n  conta ins pheno l i c  absorbances. 
t 
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TABLE 3 
COMPARISON OF DEUTERIUM AND PROTIUM DISTRIBUTION 

I N  E10 AND E19 LIOUEFACTION PRODUCTS 

( 2 H x / 2 H ) / (  'HX/'H) Ratio1 

Funct ional  E10 E 19 
Region HS BS BMS HS BStt BMS 

7- A1 k y l  0.6 0.7 1.2 0.6 0.5 

p- A1 k y l  0.5 0.6 0.8 0.5 1.0 

a- A l k y l *  1.7 1 .7  1.6 2.0 1.5 

Aromatic** 1.3 0.9 0.5 1.0 0.7 

TEstimated e r r o r :  tO.1 2 * Inc ludes 01 - a l k y l  r e g i o n  
**Includes pheno l i c  r e g i o n  ttSample s i z e  was t o o  smal l  f o r  a n a l y s i s  

TABLE 5 

ISOTOPIC COMPOSITION OF HYDROGEN TRANSFER SOLVENT 

STARTING SOLVENT SPENT SOLVENT 

Naphthalene-d8 Naphthalene-d8 

98.5 atom % D 94.6 atom % D 

Ha 59% Ha 78% 

Hp 41% Hp 22% 

I 737-F. 76 
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TABLE 4 

ISOTOPIC COMPOSITION OF DONOR SOLVENTS FROM E10 AND E19 

STARTING SOLVENT 

T e t r a l  i n  94 mole % 
Naphthalene 6 mole % 

STARTING SOLVENT 

T e t r a l  i n-dl 
97.2 atom % D 

E10 COMPOSITION 

SPENT SOLVENT 

T e t r a l i n  70 mole % 
+ Naphthalene 28 mole % 

--decalin 1 mole % 

- Cis-decal i n  1 mole % 

E10 ISOTOPIC DISTRIBUTION 
SPENT SOLVENT 

: T e t r a l i n - d 1 2  Ha 66% 'H 
Hs 23% 'H 
Ha, 11% 'H 

80.0 atom % D 

E19 COMPOSITION 
STARTING SOLVENT 

T e t r a l i n  99 mole % 

STARTING SOLVENT 

T e t r a l  in-d12 
99.0 atom % D 

SPENT SOLVENT 

T e t r a l i n  58 mole % 
Naphthalene 22 mole % 
T rans -deca l i n  4 mole % 
- Cis-deca l i n  1 6  mole % 

* 

E19 ISOTOPIC DISTRIBUTION 
SPENT SOLVENT - Tet ra l i n -d12  H i  64% 'H 

H6 24% 'H 

Ha, 12% 'H 

91.6 atom % D 
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